The current treatment of Chagas disease (CD), based on nifurtimox and benznidazole (Bz), is unsatisfactory. In this context, we performed the phenotypic in vitro screening of novel mono-and diamidines and drug interaction assays with selected compounds. Ten novel amidines were tested for their activities against bloodstream trypomastigote (BT) and amastigote forms of Trypanosoma cruzi (Y and Tulahuen strains) and their toxicities for mammalian host cells (L929 cells and cardiac cells). Seven of 10 molecules were more active than Bz against BT, with the most active compound being the diamidine DB2267 (50% effective concentration [EC 50 ] ‫؍‬ 0.23 M; selectivity index ‫؍‬ 417), which was 28-fold more active and about 3 times more selective than the standard drug. Five of the six monoamidines were also more active than Bz. The combination of DB2267 and DB2236 in fixed-ratio proportions showed an additive effect (sum of fractional inhibitory concentrations < 4) on BT. Interestingly, when intracellular forms were exposed to DB2267, its activity was dependent on the parasite strain, being effective (EC 50 ‫؍‬ 0.87 ؎ 0.05 M) against a discrete typing unit (DTU) II strain (strain Y) but not against a representative DTU VI strain (strain Tulahuen) even when different vehicles (␤-cyclodextrin and dimethyl sulfoxide) were used. The intrinsic fluorescence of several diamidines allowed their uptake to be studied. Testing of the uptake of DB2236 (inactive) and DB2267 (active) by amastigotes of the Y strain showed that the two compounds were localized intracellularly in different compartments: DB2236 in the cytoplasm and DB2267 in the nucleus. Our present data encourage further studies regarding the activities of amidines and provide information which will help with the identification of novel agents for the treatment of CD.
C
hagas disease (CD) is a neglected disorder endemic in 21 countries of Latin America. According to the World Health Organization, 8 million people are infected worldwide and approximately 10 million others are at risk of infection, with 14,000 new cases and 12,000 deaths occurring each year (1) . This pathology was discovered by the Brazilian researcher Carlos Chagas (2) and has as the etiological agent the flagellate protozoan Trypanosoma cruzi. There are several transmission routes, including vector transmission by triatomine bugs from the Reduviidae family, blood transfusion or organ transplantation, congenital transmission, and oral contamination (3, 4) . The disease is characterized by two distinct phases, the acute and chronic phases. During the acute phase, patients can be asymptomatic or mildly symptomatic, which likely impairs an early and differential diagnosis. After parasitemia is controlled, a chronic phase is established and is represented by subpatent parasitism and positive serology. Approximately 60 to 70% of the patients in this phase present with an indeterminate form, while 30 to 40% develop a cardiac and/or digestive form of the disease years or even decades after the infection (5) .
CD therapy is based on two medicines: nifurtimox and benznidazole (Bz). Both require long-term treatment and produce severe adverse effects, while they yield only low cure rates in the late chronic phase (6) (7) (8) . New studies are essential for the identification of more selective and efficient chemotherapeutic agents with reduced toxic effects, which often result in the avoidance or abandonment of therapy by patients. In this context, it is essential that hit compounds show potent activity and be efficacious against strains representative of the different T. cruzi discrete typing units (DTUs) relevant for human infection to provide new drugs usable in the different areas where CD is endemic (9) . Drug discovery programs are increasingly employing combination strategies, in large part due to the seemingly constant problem of drug resistance but also due to the potential for the discovery of synergism. Use of this approach has recently been successful for the discovery of drugs with activity against several parasitic diseases, including leishmaniasis, malaria, and CD (10) (11) (12) . It seems important to routinely include this strategy in efforts to discover drugs for the treatment of CD.
Aromatic diamidines, such as pentamidine, are in clinical use for different pathologies, such as leishmaniasis, systemic fungal infection, and stage 1 human African trypanosomiasis, as well as for several veterinary purposes (13) . Recently, a new class of diamidines, arylimidamides, has been found to be effective against several pathogens, including T. cruzi. The excellent trypanocidal activity of this new class of amidines in vitro and in vivo encourages further exploration of the amidine family of compounds (14) (15) (16) .
Thus, the goal of this work is the screening of new heterocyclic amidines with the aim of identifying new compounds with efficacy and selectivity that are equal or superior to those of Bz and that could be considered promising candidates for the treatment of CD.
MATERIALS AND METHODS
Compounds. The diamidines (DB2236, DB2259, DB2260, DB2267) were synthesized using a methodology previously reported (17) (18) (19) , and the synthesis of the monoamidines (DB2261, DB2262, DB2263, DB2266, DB2268, DB2269) has been described previously (20) (Fig.  1 ). All compounds have been fully characterized by spectral methods (nuclear magnetic resonance, mass spectrometry) and by satisfactory C, H, and N analysis. Stock solutions were prepared in dimethyl sulfoxide (DMSO), whose final concentration never exceeded 0.6% and which did not exert any toxicity toward the parasite or mammalian host cells (data not shown) (21) , or ␤-cyclodextrin in a 1:1 proportion with the compound to be tested and vortexed in dry ice for 10 min. Benznidazole (Bz; N-benzyl-2-nitroimidazole-1-acetamide; Laboratório Farmacêutico do Estado de Pernambuco [LAFEPE], Brazil) was used as the reference drug. Parasites. Bloodstream trypomastigotes (BT) of the T. cruzi Y strain were obtained from Swiss Webster mice at the time of infection with peak parasitemia (14, 22) . Trypomastigotes of the T. cruzi Tulahuen strain expressing the ␤-galactosidase gene from Escherichia coli (23) were collected from the supernatant of infected cell cultures (L929 cell cultures) as reported previously (24) .
Mammalian cells. For the toxicity assays, primary cultures of mammalian cardiac cells (CC) obtained from mouse embryos were plated onto coverslips in 96-or 24-well plates that had previously been coated with 0.01% gelatin (22) . For analysis of the effect of the drugs on intracellular parasites, monolayers of mouse L929 fibroblasts were cultivated (4 ϫ 10 3 cells/well in 96-well microplates) at 37°C in RPMI 1640 medium (pH 7.2 to 7.4) without phenol red (Gibco BRL) supplemented with 10% fetal bovine serum and 2 mM glutamine (RPMI), as reported previously (24) .
Trypanocidal activity. BT of the Y strain (5 ϫ 10 6 per ml) were incubated for 2 and 24 h at 37°C in RPMI in the presence or absence of serial dilutions of the compounds (0 to 32 M). After incubation with the compounds, the parasite death rates were determined by light microscopy through direct quantification of the number of live parasites using a Neubauer chamber, and the compound concentration that reduced the number of parasites by 50% (i.e., the 50% effective concentration [EC 50 ]) was then calculated (21) . For the assays with the intracellular forms, T. cruziinfected cell cultures (the Tulahuen strain expressing ␤-galactosidase) were incubated for 96 h at 37°C with each compound at 10 M diluted in RPMI. After this period, 500 M chlorophenol red glycoside in 0.5% Nonidet P-40 was added to each well; the plate was incubated for 18 h at 37°C, and then the absorbance at 570 nm was measured. Controls with uninfected cells treated with the vehicle only and with the reference drug (Bz) were run in parallel. Those compounds with activity similar to that of Bz were further assayed using decreasing concentrations to determine the EC 50 s, as described above. The results were then expressed as the percentage of T. cruzi growth inhibition by comparing the optical density data obtained for cell cultures treated with the tested compound with those obtained for infected cell cultures treated only with the drug vehicle (24) . Next, the most promising compounds (compounds with activity greater than or equal to that of Bz) were then evaluated for 48 h by infection of CC with the Y strain by a standard method described previously (14) . After 24 h of infection, the cell cultures were treated with nontoxic concentrations of the compounds, and after 48 h of treatment, the CC were rinsed with saline, fixed with Bouin's fixative (5 min), stained with Giemsa, and examined by light microscopy. The percentage of infected host cells was determined, as was the number of parasites per cell, and the infection index (II), which represents the percentage of infected host cells multiplied by the number of parasites per cell, was calculated. Then, the EC 50 s were determined as reported previously (14) .
Cytotoxicity assays. CC were incubated for 24 and 48 h at 37°C with different concentrations of each compound serially diluted (1:3) in RPMI, with a concentration range of 0 to 96 M, and then their morphology and spontaneous contractibility were evaluated by light microscopy and their viability was determined by the PrestoBlue test as reported previously (21) . The results were expressed as the percent difference in the reduction of infection between compound-treated and vehicle-treated cells according to the manufacturer's instructions (Thermo Scientific) and the 50% inhibitory concentration (IC 50 ), which corresponds to the concentration that reduces cell viability by 50%. The selectivity index (SI) is expressed as the ratio of the IC 50 for host cells and the EC 50 for the parasites or infected cell cultures.
Cell internalization of diamidines. CC were infected with Y strain BT and incubated for 48 h at 37°C. Then, the infected cultures were incubated with each compound (10 g/ml) for 2 h at 37°C, fixed with paraformaldehyde at 4%, and analyzed by fluorescence microscopy (14) .
Determination of drug interactions against BT of T. cruzi. In vitro drug interactions were assessed using a fixed-ratio method (25) by combining two previously screened diamidines, DB2267 and DB2236, which exhibited the best activity against two different T. cruzi DTUs: the BT (Y strain) and intracellular forms (Tulahuen strain), respectively. In these assays, predetermined EC 50 s were used to determine the top concentrations of the individual drugs to ensure that the EC 50 fell near the midpoint of a six-point 2-fold dilution series. The top concentrations used were 0.96 M for DB2267 and 16 M for DB2236 in a 24-h assay. The top concentrations were used to prepare solutions of DB2267 and DB2236 at fixed ratios of 5:0, 4:1, 3:2, 2:3, 1:4, and 0:5, as reported previously (11) .
Determination of FIC index, isobologram construction, and classification of the nature of the interaction. Fractional inhibitory concentrations (FICs) and the sum of the FICs (⌺FICs) were calculated as follows: FIC of DB2267 ϭ EC 50 of DB2267 in combination/EC 50 of DB2267 alone. The same equation was applied to the partner drug (DB2236). ⌺FICs were calculated as the FIC of DB2267 plus the FIC of DB2236. An overall mean ⌺FIC was calculated for each combination and used to classify the nature of the interaction. Isobolograms were constructed by plotting the EC 50 of DB2267 against the EC 50 of DB2236.
Statistical analysis was performed individually for each assay using an analysis of variance program, and the level of significance was set at a P value of Յ0.05. All the assays were conducted at least in duplicate, and results are averages from at least three independent experiments.
RESULTS
The compounds DB2236, DB2259, DB2260, and DB2267 were selected to explore the potency of diamidines against T. cruzi. A small set of monoamidines (DB2261, DB2262, DB2266, DB2268, and DB2269) with tethered potential intercalation units was studied to test the activities of such hybrid molecules against T. cruzi. DB2263 represents a monoamidine control compound without a tethered unit. The biological analysis was started with a time-kill assay of activity against BT of the Y strain, in order to assess the potency of the compounds over a determined period of time. After 2 and 24 h of incubation, most of the tested compounds (7 of 10) showed higher levels of activity than Bz (Table 1) . After the shorter period of incubation, DB2266 and DB2269 displayed EC 50 s of Յ4.2 M, being at least 24-fold more active than the reference drug. After 24 h, three of the monoamidines (DB2262, DB2266, and DB2269) showed EC 50 s below 3.0 M; however, the most effective compound was the diamidine DB2267, which gave an EC 50 of 0.23 M, which made it 28-fold more active than Bz.
Next, we evaluated, using light microscopy and a colorimetric assay with PrestoBlue, the in vitro toxicities of these compounds for mammalian host cells (noninfected primary cultures of cardiac cells) incubated for 24 and 48 h with the different molecules (Fig. 2) . After 24 h of incubation, none of the amidines except DB2236 reached an IC 50 up to 96 M, demonstrating their low toxicity profile. DB2236, DB2260, and DB2263 caused only mild toxicity when used at the higher concentration after 48 h of compound exposure. Selectivity determination demonstrated once again that DB2267 was the most promising compound, with an SI value of approximately 417; hence, it was almost 2.8-fold more selective than Bz ( Table 1) .
The third part of the in vitro assays involved evaluation of these compounds using intracellular forms of the parasite. In this case, L929 cell cultures infected with the Tulahuen strain of T. cruzi were treated. In the first step, a fixed concentration of 10 M, which is equivalent to the EC 90 of Bz (21), was used. In this assay, only DB2236 consistently showed activity comparable to that of the reference drug and was then selected to determine its EC 50 against these intracellular parasites. Also, as DB2267 was the most active compound against BT forms, it was subjected to this assay ( Table 2 ). The results demonstrated that DB2236 presented trypanocidal activity in the same range as that of Bz, with the EC 50 value being 5.4 Ϯ 1.7 M after 96 h of incubation (Table 2) . On the other hand, even though it was the most active compound against the Y strain BT, DB2267 was not effective against the intracellular form of the Tulahuen strain ( Table 2 ). The lack of trypanocidal activity of DB2267 on the intracellular form of this parasite strain persisted even when another vehicle (␤-cyclodextrin) was employed (data not shown).
It is unclear if the lack of activity of DB2267 against the intracellular form of the Tulahuen strain is due to differences in the strain (Y versus Tulahuen) or the form (BT versus intracellular form) used. To clarify this matter, we concurrently evaluated the activities of DB2267 and Bz against Y strain amastigotes ( Fig. 2 and Table 2 ). The EC 50 for DB2267 against the intracellular form of the Y strain was found to be 0.87 M, which suggests that the differences in activity noted above are due to differences in the strains and not the form tested.
The intrinsic fluorescent properties of the diamidines allowed cell uptake studies to be undertaken, and we selected two representative diamidines with different molecular sizes, one with a small molecular size (DB2236) and one with a large molecular size (DB2267), which were investigated using Y strain amastigotes. Both compounds were localized intracellularly but in different compartments: DB2267 was found in the DNA-rich nuclear sites ( Fig. 3A and B) , and DB2236 ( Fig. 3C and D) was dispersed in the cytoplasm.
Finally, since combination therapeutic strategies are often used in an attempt to reduce toxicity and improve activity, the in vitro interactions of DB2267 and DB2236 at their respective EC 50 levels were evaluated. Mean ⌺FICs are presented in Table 3 , and representative isobolograms are presented in Fig. 4 . Interactions were categorized as described by Seifert and Croft (26) , in which synergism was classified as a mean ⌺FIC of Յ0.5, antagonism was classified as a mean ⌺FIC of Ͼ4.0, and indifference (or an additive effect) was classified as a mean ⌺FIC of between Ͼ0.5 and Յ4.0. The interaction of DB2267 and DB2236 was classified as indifferent, as the mean ⌺FICs were 1.13 to 1.66 at the EC 50 level (Table 3 and Fig. 4 ).
DISCUSSION
Previous in vitro and in vivo studies demonstrated the excellent activities of many diamidines against T. cruzi: these molecules exhibited dose-and time-dependent trypanocidal effects in the nanomolar range, presented low toxicity for mammalian cells, were able to reduce the cardiac parasitic load in vivo, and resulted in lower levels of tissue damage and higher survival rates for treated animals than for untreated animals (13, 14) . Among the diamidines studied, arylimidamides have been shown to be highly effective against T. cruzi and several different species of Leishmania, as well as other intracellular pathogens (13, 16) . In this study, 10 amidino molecules were tested in vitro following a well-established work flow and methodology, resulting in the determination of the EC 50 , IC 50 , and selectivity index (SI) (24) . Among the 10 molecules tested, 7 molecules presented an EC 50 lower than 4 M after 24 h of incubation. In fact, 6 out of 10 amidines presented an EC 50 of Ͻ6 M after only 2 h of incubation with BT, being much more effective than the reference drug and corroborating previous data showing the fast action of diamidines, which is a very important characteristic in situations of acute cases of reactivation under conditions of immunosuppression (21) . The time-kill assay was performed according to a standardized protocol, in which compound activity was evaluated at two time points: after 2 h of treatment, in order to test the ability of compounds to show rapid action against the parasite, and at 24 h of incubation as the endpoint, since more prolonged incubation times affect BT integrity (8, 13) . In addition, evaluation at the early time point (2 h) allows a head-to-head comparison of the test compounds with other fastacting amidines already assayed by our group and others using protocols similar to those described here (16) . The monoamidines (DB2261, DB2262, DB2266, DB2268, and DB2269) with tethered potential intercalation units gave EC 50 s of between 2.14 and 3.37 M against Y strain BT. As this is a new class of potential anti-T. cruzi agents, this constitutes an important finding. The set is too limited to merit discussion of structureactivity relationships, nor does the moderate in vitro activity merit in vivo studies; nevertheless, hit-to-lead investigations of this new class of compounds are merited. DB2263, a control monoamidine of this class but without the tethered unit, exhibited an EC 50 of only 12.34 M, which strongly suggests an important role for the tethered unit in the anti-T. cruzi activity of this series. Recent findings for aromatic diamidines, especially for the arylimidamide class, showed that many of them are highly active against different strains of the parasite, including those naturally resistant to Bz, and also against both parasite forms relevant to human infection: BT and amastigotes (14) . DB2236 was moderately active against both the Y strain (BT) and the Tulahuen strain (intracellular form), showing EC 50 s of 3.97 and 5.4 M, respectively. However, the most active compound against Y strain BT, DB2267, was inactive against intracellular forms of the Tulahuen strain (even when different types of drug vehicles, such as DMSO and ␤-cyclodextrin, were used) but retained efficacy against amastigotes of the Y strain. Hence, our data show that the activity of DB2267 is strain dependent, which is not a desirable feature for novel drug candidates for the treatment of CD (12) . It can be concluded that structural modifications of the diamidines may impact their mechanisms of action and/or cellular targets and that compound metabolization and/or uptake/extrusion with different parasite strains deserves to be further investigated. Fluorescence microscopy studies conducted with molecules such as furamidine took advantage of the intrinsic fluorescent properties of diamidines to identify intracellular targets (such as kinetoplast DNA [kDNA]) of trypanosomatids. For T. cruzi, previous studies identified diamidines located in different intracellular compartments, including the nucleus, kinetoplast, and acidocalcisomes, suggesting the site(s) of cellular insult (primary and secondary) and/or the site of compound storage (27) (28) (29) (30) (31) . Therefore, we performed fluorescent microscopy analysis to ascertain the uptake of two representative molecules with different sizes: a small diamidine (DB2236) and a larger one (DB2267). Both were internalized by the parasite; DB2236 was found to be diffuse in the host cell and parasite cytoplasm, whereas the larger diamidine was localized in DNA-rich compartments, such as the nucleus and kDNA, as previously reported for other diamidines (13) . The different localizations may reflect distinct cellular targets that merit further studies. Several classical aromatic amidines selectively target AT-rich DNA to form a complex in the minor groove of the double helix. Both the mitochondrial and nuclear DNAs are well established as dication targets, and strong evidence indicates that the functional destruction of DNA is related to their antiparasitic action (7, 8) . In trypanosomes, leishmania, and related organisms, the mitochondrial kDNA network typically contains DNA that, like the genomic DNA of Plasmodium, exhibits a high AT content (Ͼ75%), extensive closely spaced sequences that act as strong binding sites, and selective therapeutic target sites for these dication compounds, conferring higher selectivity than host cell DNA (13).
The strategy of targeting different molecular sites has recently been evaluated by several groups (32) (33) (34) in order to try to avoid strain resistance and enhance biological activity during drug therapy for several neglected diseases, including CD. In this work, when the two diamidines DB2236 and DB2267 were combined in a serially diluted fashion (25) and evaluated against the Y strain BT form, the combination showed no difference in activity compared to that of monotherapy.
These results corroborate the general anti-T. cruzi activity of aromatic diamidines; however, the discovery of strain dependency for DB2267 underscores the importance of complete screening of strains and forms. The discovery of a new class of amidines (monoamidines with tethered units) with in vitro activity worthy of future hit-to-lead studies is a significant finding. Despite the lack of improvement of activity by use of a combination of compounds with the combination studied, it remains prudent to include such studies with future analogues. Thus, taken as a whole, our data encourage further analysis of novel amidino analogues to find ones which display safer and more potent antiparasitic phenotypic effects that may be helpful for the future identification of novel promising agents for the therapy of Chagas disease.
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